Study Design: Clinical Measurement. Introduction: Grip strength has been administered for many years with a wide variety of instruments and for very different purposes.
The simple measurement of grip strength has been administered for many years with a wide variety of instruments and for very different purposes. The most widely used devices are those that quantify scalar magnitudes for strength (e.g., Jamar: J.A. Preston Corporation, Jackson, MI; and Baseline dynamometer: Fabrication Enterprises Inc., White Plains, NY). Grip strength devices, such as the Jamar and Baseline dynamometers, which are equivalent, and therefore, interchangeable for measurement of grip strength, 1 have been used extensively in studies ranging from normative 2, 3 to those assessing function of the hand 4e6 and the individual. 7, 8 These devices have been examined for testeretest reliability 9 and have been used to validate other instruments. 1,10e16 Their reliabilities have also been tested in different populations, ranging from children to older adults 9, 13 and has consistently demonstrated intraclass correlation coefficients (ICCs) greater than 0.90.
Another device commonly used to measure grip strength is the vigorimeter. This device measures grip strength (pressure) when squeezing a rubber bulb. Although the reliability (ICC: 0.84e0.86) of this instrument has been studied, 13 this type of device has been criticized as being highly dependent on the handedevice interface. 17 The vigorimeter measures the pressure exerted by the whole hand and is, therefore, a fundamentally different measurement than the force measurement obtained by the Baseline dynamometer. As pressure is defined as force/area, any change in the handedevice interface, and therefore, the area, greatly influences the measurement. 17 Nevertheless, previous research has demonstrated
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The authors have not received benefits of any kind from commercial parties associated with products or companies mentioned in this article and do not have any financial interest in such companies or products. The authors are considering intellectual property protection on their device. moderate to good correlation (0.60e0.90) between the vigorimeter and the Jamar. 10, 17 As grip strength is demonstrated to be a very valuable clinical and research measurement for assessing upper-extremity function, 18, 19 disability, 20 complication, 21, 22 and mortality, 20 it is of critical importance that grip force measurement instruments are not only repeatable but are also capable of quantifying relevant variables associated with grip. One relevant variable is the direction in which the grip forces are oriented, which necessitates the measurement of shear forces. Pinch strength research indicates the direction in which the finger orient force is altered because of aging, 23 but grip force orientation information is lacking. Another variable is the rate at which grip forces are built up. It is well known that grip strength declines with age, especially after the age of 65 years. 2 However, recent research in the lower extremities of older adults indicates that the ability to rapidly build up force is more predictive of function than strength alone. 24 Additionally, pinch force variability has been shown to increase because of aging, 25 but neither the force buildup rates nor the force variability during power grip have been studied in older adults' hands. Other potentially important grip-related variables include time to fatigue and estimations of individual finger contributions.
As current clinical grip strength measurement instruments do not quantify most of these variables, we developed a multiaxis profile (MAP) grip force dynamometer. The MAP is able to quantify grip force vectors produced by the hand. 26 This information allows force magnitudes and the direction in which the forces are oriented to be described. Traditional grip measurement devices measure force only in one direction, thereby ignoring shear forces. In addition, the new device is also able to measure grip force over time (C.B. Irwin and R.G. Radwin, unpublished data, 2009), which allows examination of grip force buildup rates, force variability, and time to fatigue. The purpose of this study was to evaluate the testeretest reliability and validity of the MAP dynamometer in two different populations and compare the MAP with the Baseline dynamometer and vigorimeter.
MATERIALS AND METHODS

Subjects
The study included 28 right hand dominant participants, 14 older (.65 yr) and 14 younger (,30 yr) adults. Both groups comprised of 10 females and four males. Demographic data are detailed in Table 1 . All young participants were university students and were tested on campus. The older individuals were all community dwelling and were tested at a local senior center. Exclusion criteria included pain, presence of upper-extremity injury, or difficulty using hands during activity. Additional exclusion criteria included sensory or cognitive impairments. Participants were compensated for their time, and the experimental protocol was reviewed and approved by the University of Wisconsin-Madison Human Subjects Committee.
Instrumentation
Three grip strength measurement devices were used in this experiment. The Baseline dynamometer (Fabrication Enterprises Inc.) was tested because of its prevalence in research and clinical settings. A vigorimeter (Baseline Inc., White Plains, NY), which consists of an air-filled bulb and a pressure gauge, was tested as it is also a common instrument for grip strength testing, especially in people with hand pain or injury. 27 These devices are depicted in Figure 1 . The MAP grip strength dynamometer used in the study was a three-beam design affixed with a 6.35-cm diameter cylindrical plastic cover. Other covers in varying shapes or sizes are available, but we chose to use a cylindrical cover because of its similarity in shape to most handrails and grab bars. The dynamometer is displayed in Figure 2 . Although all participants grasped a fixed 6.35-cm diameter handle, the plastic covers were sized according to each participant's hand length in an effort to ensure that an equal proportion of their fingers contacted each beam. The pieces can be thought of as slices of a pie ( Figure 3 ). Participants with smaller hands grasped smaller pie slices, and those with larger hands grasped larger pie slices.
Forces produced by the hands were measured with strain gauges that were mounted in a manner to ensure that the force measured was independent of vertical point of force application. Therefore, force measurements are the same regardless of where the handle is grasped along the MAP's long axis. Two sets of gauges are mounted on each instrumented beam so that each beam measured two orthogonal force vectors. These orthogonal vectors are resolved into one force vector per instrumented beam (distal and proximal). Thus, each instrumented beam measured a force vector with magnitude and angle. The two individual force vectors are, in turn, resolved into one overall grip force vector, which is representative of grip strength (Figure 4 ).
For the purposes of the analysis in this article, the overall grip force vector was used. The overall grip force vector is described with a magnitude and an angle ( Figure 5 ). Custom software was developed to acquire and compile the grip force data. Grip data were collected at 1,000 Hz. The instrumentation is described in detail in C.B. Irwin and R.G. Radwin (unpublished data, 2009).
Procedure
Before testing, demographic data were collected. Data included age, height, weight, and living arrangement. Anthropometric data of hand length and breadth were also collected. Additionally, participants completed questionnaires that focused on self-reported function. Participants were seated, and the grip strengthetesting posture recommended by the American Society of Hand Therapists was used. 2 Participants were positioned with the shoulder adducted and neutrally rotated with the elbow at 90 8 flexion and the wrist and forearm in neutral. Both the Baseline dynamometer and the vigorimeter were held suspended by the participant. The MAP dynamometer rested on the participant's thigh. The MAP is heavier than the other two devices, and holding it suspended would require a large grip force, solely to keep it from slipping out of the participant's hand. The Baseline dynamometer was set at span 2, and bulb 3 was used with the vigorimeter. For the MAP dynamometer, the metacarpalephalangeal joint was lined up with a landmark on the handle to ensure repeatability of the hand placement.
For all devices, participants were instructed as, ''squeeze the handle as hard as you can and build up force as quickly as possible and hold for 5 seconds.'' Participants were given verbal indication for when to begin and end each exertion. Three repetitions were completed for each hand and each device for a total of nine exertions per hand. Participants were provided at least a 1-min break between exertions. Additionally, participants alternated their hands between exertions to minimize fatigue. For each hand and each session, the order of grip devices was randomized. All participants were retested between one and two weeks after the initial testing.
Data Analysis
Both the absolute peak measure of grip force and the average of the middle 3 seconds or ''plateau'' phase of the grasp event were calculated for each repetition using the MAP dynamometer ( Figure 6 ). The absolute peak of the force curve is analogous to the peak forces that were collected using the Baseline dynamometer and the vigorimeter. From the MAP dynamometer, four distinct measurements of grip force were evaluated for repeatability: 1) the maximum of the three repetitions for peak force measurement (Peak max ); 2) the maximum of the three repetitions for the plateau measurement (Plateau max ); 3) the average of the three repetitions for the peak measurement (Peak avg ); and 4) the average of the three repetitions for the plateau measurement (Plateau avg ). In addition, the overall grip force vector angle and forces from each instrumented beam were examined for repeatability. For the Baseline dynamometer and the vigorimeter, the Peak max and the Peak avg were evaluated for repeatability.
Data analysis was completed using SPSS version 17 (SPSS Inc., Chicago, IL.). Two-way random-effects, single-measure reliability ICCs were calculated. Pearson correlation coefficients were used to evaluate concurrent validity between session 1 peak grip strength measures for all three devices. Repeatedmeasures analysis of variance (ANOVA) was used to evaluate differences among testing sessions and differences among measurement devices. ANOVA was used to evaluate the differences based on age and gender. Post hoc analysis was completed using the Bonferroni multiple pairwise comparison method. Differences were considered significant at the 0.05 level of significance. 
RESULTS
Grip Force
Maximal grip force results (Peak max ) on both days for both younger and older adults are displayed in Table 2 . Session 1 grip forces for all devices were used to test whether significant differences existed between right hand grip forces for younger and older individuals as well as between males and females. Depending on the device, older adults' grip forces averaged between 60% and 71% of young participants' (p , 0.05), and females averaged between 70% and 77% of the force of males (p , 0.05). Similar results were obtained for both methods of calculating grip force with the Baseline and vigorimeter and all four methods of calculating grip force with the MAP.
Differences between the maximum grip strength score of the three repetitions (Peak max ) and the average of the three repetitions (Peak avg ) for all three devices were less than 6% (p , 0.05). The results from the Peak max and Plateau max grip force measurements with the MAP indicate that the plateau phase of the grip force profile averaged 73% of the peak.
Differences between Sessions
No differences (p . 0.05) were detected between session 1 and session 2 for any of the four grip force variables with the MAP dynamometer or the two grip force variables with the vigorimeter and Baseline dynamometer. For sessions 1 and 2, Peak max force grip data are presented in Table 2 . In addition, no differences (p . 0.05) were detected for the overall grip force vector angle and the grip forces from the proximal instrumented beams between session 1 and session 2 ( Table 3) . 
Reliability
Concurrent Validity
A significant difference in grip strength measures was found between the MAP and Baseline dynamometers (p , 0.05). Pearson correlation coefficients for the three different grip strength measurement devices indicate that the MAP dynamometer had high correlations with both the Baseline dynamometer (0.88e0.90) and the vigorimeter (0.78e0.88). Correlations between the Baseline and the vigorimeter were also high (0.78e0.83). All three devices were significantly correlated with each other for both hands (p , 0.001).
DISCUSSION
Both the Baseline dynamometer and vigorimeter are common clinical instruments for measuring grip strength. However, the vigorimeter measures a pressure, which is a fundamentally different measurement than those obtained with either the Baseline or the MAP dynamometers. Although both Baseline and MAP dynamometers measure force, the MAP dynamometer is also able to quantify shear forces and force directions. If both instruments were grasped with the same hand geometry, the MAP, which measures both normal and shear forces, would register a greater grip force because of vector summation. However, the results of this study indicate that the participants can produce more force with the Baseline dynamometer. When grasping the Baseline, the fingers are able to curl around the handles. Alternately, when grasping a cylinder (like the MAP), the fingers are more extended and in a less biomechanically friendly position. This results in the decreased magnitude of measured grip forces observed in this study.
In the present study, the MAP measures of peak force (Peak max or Peak avg ) and plateau force (Plateau max or Plateau avg ), all demonstrated very high reliability. The plateau phase of the grasp has been referred to as ''sustained strength'' in other publications. 29 Although there is no consensus on whether peak or plateau force is more reliable, several studies examining both have found the peak measure of force to be more consistent than plateau force. As both measures in this study had very high reliability, either would be an appropriate measure with the MAP dynamometer. From a force magnitude standpoint, the measure of plateau force averaged 73% of that of peak force. This agrees well with results from Svensson et al., 29 in which the plateau force averaged between 75% and 76% of the peak force. Regardless of whether peak or plateau (sustained) strength is used, both measures have been shown to be repeatable. In comparison, standard clinical instruments, such as the Jamar, Baseline, or vigorimeter, only measure the peak force of the exertion, and information on the plateau phase of grip is unavailable.
Another disagreement exists when considering whether to use the average grip force 13, 32 of two or three repetitions or the repetition with the greatest grip force 30, 33 for analysis. The results of the present study indicate that the repetition with the greatest peak force was significantly greater (;6%) than the average force of the three repetitions. This finding is consistent with that of Langerstrom and Nordgren, 30 which showed that one-repetition maximums averaged 4e5% greater than the average of three repetitions. Both methods have demonstrated very high repeatability in the present study. Other studies have concurrently examined both methods and have also demonstrated the repeatabilities of both. 9, 30 These findings stress the importance of stating which method is used in the analysis, as both are valid and repeatable, but the difference in force is approximately 4e6%.
The MAP dynamometer examined in the present study has reliability and validity consistent with other devices currently used in clinical and research settings, when testing both young participants and communitydwelling older adults. This is important, as evidence indicates that the older adult population may have greater relative variability in grip force. 2 In addition, similar differences in grip strength were observed between young participants and community-dwelling older adults regardless of the device. The benefit of the new device is that information about the way hands produce force can be obtained from each trial. The grip profile can be dissected to reveal information on grip force vectors, force buildup, peak force, plateau force, force variability, and time to reach fatigue.
Unlike the Baseline dynamometer, the MAP captures the force vectors involved in gripping. This information is important, because results from Amis 34 indicate that shear forces are a sizable portion of the overall grip force. Devices that only measure the scalar magnitude are unable to quantify the shear forces involved in gripping. Additionally, the MAP dynamometer can estimate the finger contributions involved in the grip (C.B. Irwin and R.G. Radwin, unpublished data, 2009), which can help clinicians or researchers determine whether individual fingers are not contributing to the grip. As a whole, these data available from the MAP dynamometer have clinical and research importance. By understanding which components of grip strength are most affected, targeted interventions can be developed to address the specific deficits. The limitations of the MAP dynamometer include its current lack of commercial availability and the cost due to specialized fabrication and instrumentation techniques. However, the MAP provides a more comprehensive evaluation of the function of the hand than is available from standard devices.
CONCLUSION
In populations of both healthy older and younger participants, the MAP dynamometer had very high reliability and validity, similar to other devices currently used in clinical settings. Grip strength differences between healthy older and younger participants were similar regardless of the device. The additional information provided by this device, including grip force vectors and angles, estimated finger contribution, and force buildup, may provide valuable information to rehabilitation specialists, therapists, surgeons, and designers to enhance the function of the hand.
